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ABSTRACT
The Influence of Sex on Cognitive Control Performance and Frontoparietal
Network Integrity in First Episode Psychosis
Kaitlyn McFarlane Greer
Department of Psychology, BYU
Doctor of Philosophy
Cognitive deficits in first-episode psychosis (FEP) are well documented including deficits
in cognitive control, but how sex may influence or impact these cognitive deficits is not well
known. Cognitive deficits may impact multiple neural networks, including the fronto- parietal
network (FPN). How sex may influence the structural integrity of regions in the FPN is also an
important area of research in FEP that may provide further insight into the beginnings of the
disease. The current study aimed to examine sexual dimorphisms in structural integrity of the
frontoparietal network (FPN) and its role in cognitive control in FEP. A total of 111 FEP patients
(68 male, 43 female) and 55 healthy control participants (35 male, 20 female) from the Human
Connectome Project for Early Psychosis who underwent T1-weighted magnetic resonance
imaging and neuropsychological testing were included in the study. Regions of interest (ROIs)
included: left and right superior frontal gyrus, left and right middle frontal gyrus, left inferior
frontal gyrus, left and right inferior parietal gyrus, right caudate and left thalamus. Using highdimensional brain mapping procedures, surface shape of the right caudate and left thalamus was
characterized using Large Deformation Diffeomorphic Metric Mapping, and cortical thickness of
frontal and parietal regions was estimated using the FreeSurfer toolkit. Cognitive control was
assessed using the Fluid Cognition Composite score from the NIH Toolbox Cognition Battery.
Multivariate ANOVA models tested group differences, separated by sex, in cortical thickness
ROIs, in addition to a whole-brain vertex-wise analysis. Vertex-wise statistical surface t-maps
evaluated differences in subcortical surface shape, and Pearson correlations tested relationships
between brain regions and Fluid Cognition performance. Results of deep brain region
comparisons between schizophrenia males (SCZM) and schizophrenia females (SCZF) groups
revealed significant outward deformation at the tail of the right caudate and significant inward
deformation along the dorsal aspects of the right caudate. Additionally, significant inward
deformation in multiple nuclei of the left thalamus were revealed. Significant negative
relationships between Fluid Cognition and the left superior/middle frontal gyrus (r = -0.24, p =
0.05) in the male FEP group were observed. Additionally, significant positive relationships
between Fluid Cognition and left inferior frontal gyrus (r = 0.35, p = 0.02) and left inferior
parietal gyrus (r = 0.35, p = 0.02) in the female FEP group were found. Support vector machine
models were trained using measures of cortical thickness and subcortical shape deformation
values in all cohorts to classify participants based on diagnosis. Classification accuracy in all
testing models ranged from 75-81%. Overall, findings revealed significant differences of
subcortical structures, including smaller caudal and thalamic volume, in male FEP compared to
female FEP, providing evidence of the importance to examine sex differences at the first episode.
Increased consideration for the role of deep-brain structures in male and female FEP can aid in
the clinical characterization of the early stages of the disease.
Keywords: sex differences, fluid cognition, caudate, thalamus, shape analysis
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Schizophrenia is increasingly considered to be a disorder of functional integration of
neural systems that lead to deficits of everyday functioning (Zhou et al., 2007), with an emerging
body of literature focusing on how aspects of cognitive control impacts those during their first
episode of psychosis. Of particular importance are questions regarding the neurobiological
substrates of these features in this population relative to chronic aspects of the disease. Of the
many dysregulated networks observed in schizophrenia (Dietsche et al., 2017), the frontoparietal network (FPN) has been observed as particularly disrupted as a substrate of cognitive
control in the illness (Minzenberg et al., 2009). As a marker of the emergence of schizophrenia,
and a critical inflection point for treatment and management, first-episode psychosis (FEP) also
involves alterations of neural and cognitive processes including in the FPN and cognitive control
(Ray et al., 2017; Sarpal et al., 2020; Schmidt et al., 2015; Xiang et al., 2019; Zhou et al., 2007).
The role of sex on clinical features and outcome in psychosis-spectrum disorders is welldocumented (Li et al., 2019; Pang et al., 2016), but unique brain differences between men and
women is rarely addressed. Specific examination of sex differences in FEP can assist our
understanding of how the development of brain abnormalities, and resulting cognitive
impairment, may occur as a function of sex in the early stages of psychosis. Previous studies
examining sex differences in psychosis populations have largely focused on network integrity
using functional connectivity measures (Wang et al., 2019), with very few investigating the
underlying structural integrity, especially in FEP. Additionally, the use of advanced machine
learning techniques using neuroimaging based biomarkers can classify schizophrenia patients
from controls with high accuracy rates, but there is the lingering question of if these machine
learning techniques can also have high accuracy rates in a FEP population.
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Currently, there is a need to address how sex status may differentially manifest in both the
cognitive and neural aspects of psychosis given this can impact management of their condition.
Men and women experience psychosis differently, which requires different approaches to
pharmacologic treatment (dosing and/or types of medication), supplementary interventions, and
stages of intervention (Barajas et al., 2015; Kulkarni et al., 2008; Li et al., 2016; Smith, 2010;
Usall et al., 2016). Clarifying sex differences in the structural integrity of critical networks
underlying cognitive control in FEP may provide a neurobiological substrate for understanding
both the observed treatment bifurcation. In sum, the proposed study aims to characterize the
unique aspects of sex on the relationship between structural integrity of the FPN and cognitive
control in a first episode psychosis population of both men and women. The proposed study
aims to address a gap in the literature on how sex differences, both from a brain and behavior
perspective, manifest in first episode populations, which has implications for determining
treatment decisions, with potential downstream effects on improving cognitive, social, and
occupational functioning (Green et al., 2000; Lin et al., 2013; Millan et al., 2014; Stępnicki et
al., 2018).
Review of Literature
Schizophrenia is a severe and debilitating psychiatric illness that disrupts the way one
thinks, feels, and acts. Specifically, it affects cognitive and emotional functioning in a way that
interferes with the ability to relate to others (Young & Wimmer, 2017). Individuals with
schizophrenia describe experiencing a separation from reality, where they have difficulty
distinguishing it from fantasy. The clinical symptomatology of schizophrenia is typically
classified into three categories: positive symptoms, such as delusional ideations and altered
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perceptual experiences; negative symptoms, which include anhedonia, avolition, asociality,
alogia and blunted affect (Strauss et al., 2019); and disorganization of thought, behavior and
speech. Impaired cognition is common, with alterations being present during development and
representing a precursor to the development of the disorder. These cognitive impairments may
persist when additional symptoms of schizophrenia are not present and are considered to be a
contributing factor to the disabling nature of the disease (American Psychiatric Association,
2013). The lifetime prevalence of schizophrenia in appears to be 0.3%- 0.7%, though there is
reported variation by race/ethnicity, by country, and by geographic origin for those who are
immigrants (American Psychiatric Association, 2013). The psychotic features of schizophrenia
typically appear between late teenage years (~18 years of age) to mid-30s, with onset prior to
adolescence ages being rare. The onset of psychotic features may be abrupt or gradual, with the
majority of individuals displaying a slow and gradual development of a variety of clinically
significant symptoms.
Symptoms of schizophrenia are associated with significant social and occupational
dysfunction. Impairments in daily functioning are exacerbated by difficulties with emotion
regulation and decision-making due to a combination of prominent clinical features (Mendrek &
Mancini-Marïe, 2016; Sheffield, Karcher, & Barch, 2018). Additionally, those diagnosed with
schizophrenia are at a higher risk for complications and secondary effects of psychosis including;
suicide attempts, substance abuse, victimization by others, and committing acts of violence as
compared to the general population (Lieberman & First, 2018). Individuals may display
difficulty making progress in their education and in maintaining employment, thus being
employed in lower level jobs (American Psychiatric Association, 2013), and are frequently
associated with significant social and economic implications, with patients often experiencing
3

unemployment and homelessness (Millan et al., 2014; Stępnicki et al., 2018). Functional
outcome in schizophrenia can be quite impairing and lead to poor long-term prognosis (Green et
al., 2000); typically the severity is related to cognitive functioning (Lin et al., 2013).
Treatment for schizophrenia primarily includes management with pharmacologic agents,
which can significantly reduce symptoms and improve long-term outcomes (Millan et al., 2014).
Positive symptoms are typically treated with a range of antipsychotics as well as neuroleptics
(Millan et al., 2014), though nonpharmacological treatments, such as individual therapy,
cognitive behavioral therapy, and group therapy, can also assist in medication adherence (Patel
et al., 2014). Patients experience difficulty adhering to treatment for many reasons including
illness denial, adverse side effects, incomplete understanding of the need for medication, or
grandiose symptoms or paranoia. Treatment programs also encourage strong family support as it
has been shown to decrease rehospitalization and improve social functioning (Patel et al., 2014).
A characteristic feature of schizophrenia is persistent cognitive dysfunction that often
predates the first psychotic episode, exacerbates after, and is maintained throughout life (Zanelli
et al., 2019). In a classic review, Heinrichs and Zakzanis (1998) found evidence of significant
impairment on a range of neuropsychological tests, with evidence of disproportionate
impairment in verbal fluency. In a more recent meta-analysis, it was observed that the most
impaired cognitive domain was that of processing speed, with areas such as episodic memory,
executive functioning, attention, and working memory also commonly affected (Dickinson et
al., 2007). Patients typically have problems in various areas including: perceiving and scanning
their environment, difficulties in problem solving, a lack of mental flexibility, impairment of
attention and vigilance, problems in motor and language skills, and tendencies to
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not learn from past mistakes (Peuskens et al., 2005; Sharma & Antonova, 2003). Although,
psychotic symptoms typically emerge between the ages of 18-25, cognitive deficits have been
observed much earlier in the lifespan, suggesting they are early markers of abnormal
neurodevelopment. The presence of cognitive deficits prior to the onset of psychotic symptoms
supports the claim that cognitive dysfunction is in fact a core feature of schizophrenia (Sheffield
et al., 2018). Additionally, the degree of cognitive impairment has been shown to be a predictor
of long-term outcome (Luck et al., 2019).
First episode psychosis (FEP) is the stage of the illness when a person first experiences
the initial signs and symptoms of psychosis and begins to lose touch with reality. The onset is
typically gradual and progressive in nature, and usually occurs in adolescence during a time of
great change and upheaval (Reed, 2008). When symptoms first present in FEP, individuals may
experience hallucinations, delusions, and/or erratic behaviors (Keks & Blashki, 2006). Patients
may also appear agitated or depressed and may or may not be aware of what is happening
(Healey et al., 2016; Reed, 2008). Those experiencing their first episode are often admitted to
emergency departments with aggressive behaviors, suicidal tendencies, substance use, and
frequently become involuntary inpatients (Malla et al., 2005; Payne et al., 2006). Operationally,
FEP is defined by three separate categories: The first category encompasses initial treatment
contact and is defined when an individual first presents in a clinical setting as experiencing
psychosis. This definition is potentially problematic as, in many cases, an individual’s visit to an
emergency room may not in fact be their first contact but instead one of multiple attempts at
obtaining treatment (Breitborde, Srihari, & Woods, 2009; Lincoln, Harrigan, & McGorry, 1998).
The second category encompasses active treatment with antipsychotic medication and has
demonstrated feasibility in
5

studies examining clinical interventions for FEP (Johannessen et al., 2001; Jorgensen et al., 2000;
Murray et al., 2008); although, there is variability within this definition as antipsychotic
medications may be prescribed for non-psychotic disorders bringing into question this category in
demarcating the first episode (Breitborde et al., 2009). The third and final operational definition of
FEP surrounds the duration of psychosis symptoms, which specifies that individuals are
experiencing their first episode if they have experienced psychotic symptoms for less than a prespecified amount of time (~2 years; Castro-Fornieles et al., 2007; Nuechterlein et al., 1992).
During the acute stages of illness, first-episode patients may find it difficult to make
sense of what they are experiencing which can lead to feelings of a loss of control or disruption.
This disruption can further affect self-concept, social goals, and even future career goals (Reed,
2008; Sanbrook et al., 2003). Patients with FEP typically suffer trauma from their experienced
symptoms, treatment, and psychological risks (Payne et al., 2006). In addition, the early course
of psychosis is characterized by recurrent relapses, with up to 80% of FEP patients experiencing
a relapse within 5 years of the initial episode (Alvarez-Jimenez et al., 2012). With each new
episode the risk of chronicity increases, which in turn can increase the cost of treating the
psychosis (Almond et al., 2004).
In general, schizophrenia is conceptualized as a neurobiological disorder of disrupted
structural and functional brain integrity, with distributed brain dysconnectivity involving a
number of brain regions (Dietsche et al., 2017; Li et al., 2017). One neural network that may be
particularly impacted by cortical thinning in individuals with schizophrenia is the frontoparietal
network (FPN). Regions of the FPN are identified as the dorsolateral prefrontal cortex (DLPFC),
inferior parietal lobule (IPL), middle cingulate cortex (MCC), precuneus, dorsal prefrontal
cortex, anterior cingulate cortex (ACC), insula, cerebellum, caudate, and thalamus (Petersen &
6

Posner, 2012; Tu et al., 2013). Petersen and Posner (2012) proposed that the FPN is related to
task instructions that are transient at the beginning of new tasks and is thought to be related to
task switching and initiation, in addition to making adjustments within task trials. The FPN is
suggested to be involved in trial-by-trial modulations of brain activation during tasks including;
set-shifting, feature selection, object orientation, object recognition, memory, working memory,
and attention (Dosenbach et al., 2007; Roiser et al., 2013; Sheffield et al., 2015).
Additionally, previous research has suggested that specific regions within the FPN play
important roles in coordinating the transfer of information between various neural regions,
specifically in the DLPFC (Dosenbach et al., 2007; Sheffield et al., 2015). The FPN is
hypothesized to support top-down control in executive functioning and is a potential driver of
cognitive impairment in various disease states, including schizophrenia (Sheffield et al., 2015).
As one of the primary hypothesized functions of the FPN, cognitive control is the ability
to adapt information processing and regulate behavior according to current goals (Badre, 2008;
Dreisbach, 2012; Miller & Cohen, 2001; Miller, 2000; Van Veen & Carter, 2006). The
mechanism of cognitive control is the ability to coordinate thoughts and actions in relation to
internal goals which is often required in everyday functioning and subserves higher cognitive
processes such as planning and reasoning (Koechlin et al., 2003). Cognitive control is not
limited to one particular cognitive domain, but supports a range of executive functions including
the allocation of attention, working memory, episodic memory, and inhibitory processing (Ray et
al., 2017). Previous models of cognitive control have been described in terms of performance on
specific tasks. The guided activation model (Miller & Cohen, 2001) is based on a model of the
Stroop task (Stroop, 1935) and the prediction response outcome model (Alexander & Brown,
2011), which is based on modified stop-signal and flanker
7

tasks, are meant to capture control functions considered to be the most relevant to cognitive
control (Mackie et al., 2013). Mackie and colleagues (2013) suggest that there is a limit to the
amount of information that can reach focused awareness and that cognitive control is
implemented via integrative attentional functions in order to prioritize important information that
needs to be processed.
Koechlin and colleagues (2003) proposed a model of cognitive control based on the
examination of the organization and function of the prefrontal cortex. Koechlin and colleagues
(2003) demonstrated that the frontal cortex is functionally organized as a cascade of control
processes including processes that focus on top-down attentional control (Chambon et al., 2008).
It has been hypothesized that deficits of higher-order cognition in schizophrenia may be
attributed to dysfunction within regions related to cognitive control when supporting various
cognitive subroutines (Ray et al., 2017). For example, findings from a meta-analysis by
Minzenberg and colleagues (2009) showed that healthy control participants and patients with
schizophrenia activated a similarly distributed cortical-subcortical network when performing a
range of executive tasks. Direct between-group comparisons revealed that patients with
schizophrenia exhibited reduced activation in the DLPFC, ventrolateral prefrontal cortex, ACC,
ventral premotor cortex, posterior areas in temporal and parietal cortices, and in subcortical areas
(Minzenberg et al., 2009). As a lack or loss of executive control is a hypothesized core feature of
schizophrenia, examining integrity of the FPN could illustrate underlying neural substrates in the
disease.
Reduced FPN connectivity across all stages in psychosis is a consistent finding in the
literature, suggesting abnormalities in the FPN could reflect a vulnerability marker (Schmidt et
al., 2015). Studies using functional magnetic resonance imaging (fMRI) have revealed that
8

patients with schizophrenia display altered neural connectivity with associated abnormalities in
regions of the FPN (Tu et al., 2013), such as hypoactivation in the DLPFC, ACC, and medial
prefrontal cortex during attentional aspects of cognitive and affective processing (Dichter et al.,
2010). Additional fMRI studies using resting state approaches have reported a reduction in
functional connectivity in regions of the FPN, including the DLPFC and IPL, in patients with
schizophrenia when being compared to control participants (Peeters et al., 2015).
In studies of FEP, reduced functional connectivity between the DLPFC and the parietal
lobes is frequently observed (Xiang et al., 2019; Zhou et al., 2007). Other work has also found
hypoconnectivity within regions of the FPN in antipsychotic naïve FEP (Briend et al., 2020),
specifically between the middle frontal gyrus, middle and inferior temporal regions, and in the
inferior parietal gyrus, all of which are key regions in goal- directed planning and play an
important role in information processing across brain networks. Interestingly, a study conducted
by Sarpal and colleagues (2020) found that during resting state, frontoparietal connectivity did
not differ between FEP patients and controls, and that overall cognitive functioning was not
associated with resting state connectivity, suggesting psychosis related alterations in executive
networks only emerged during tasks involving goal-directed behaviors. Taken together, these
results provide evidence that when at rest, frontoparietal connectivity appears intact, but when
engaged in a cognitive task, connectivity is disrupted (Sarpal et al., 2020). These findings by
Sarpal and colleagues (2020) potentially indicate an undermining of cognitive control capacities
in FEP patients.
As opposed to functional imaging research, multiple structural MRI studies have
demonstrated significant abnormalities in regions overlapping with the FPN. Cortical thinning in
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FEP, particularly in frontal and temporal regions (Gutiérrez-Galve et al., 2010; Janssen et al.,
2009; Koo et al., 2008; Mechelli et al., 2011; Peruzzo et al., 2015; Price et al., 2010; Schultz et
al., 2010; Squarcina et al., 2017; Sun et al., 2009) have been observed compared to controls with
continued loss occurring as the illness progresses (Lieberman et al., 2001; Mathalon et al., 2001;
Price et al., 2010). Surface based analyses have revealed significantly reduced cortical thickness
in regions associated with the FPN in FEP patients, including prefrontal cortex, ACC, and
parietal cortices, suggesting that affected regions may play a major role in the integration of
heteromodal neuronal input (Buchanan et al., 2004; Schultz et al., 2010). Another study found
significant localized gray matter loss in prefrontal and cingulate regions that overlap with the
FPN in FEP patients (Sun et al., 2009). Studies examining the integrity of deep-brain structures,
often utilize shape analysis as a method that can demonstrate subtle changes of a structure
reflecting localized changes in regional sub volumes (Csernansky, Wang et al., 2004). As it
relates to the FPN, surface abnormalities of the caudate and thalamus have been observed in
schizophrenia. Mamah and colleagues (2008) found that the caudate is abnormally large relative
to total cerebral volume in psychosis, suggesting that changes found in the shape of the caudate
were altered in those with psychosis and these changes were not due to additional changes in the
structure. Furthermore, in a follow- up study this group discovered that inward shape
deformation in the caudate was more pronounced in patients with schizophrenia relative to their
non-ill siblings (Mamah et al., 2008). Womer and colleagues (2014) also found outward shape
deformation in psychosis when compared to bipolar disorder and greater inward shape
deformation in bipolar disorder when compared to healthy controls. Overall, it appears that
deficit integrity of multiple regions in the FPN are implicated in schizophrenia, as well as first
episode psychosis.
10

It has been suggested that the differences in cognition and psychopathology between men
and women patients has important implications for future clinical treatments and in
understanding the neurobiological basis of schizophrenia (Li et al., 2019; Pang et al., 2016). Sex
differences in psychosis are seen both cognitively and anatomically. Male patients typically
experience illness onset and symptom expression between ages 18-25, while female patients
appear to have a later onset and symptom development between ages 24-35 (Cocchi et al., 2014;
Ochoa et al., 2012). Male patients appear to display poorer overall functioning when compared
to females, with females showing a slight improvement in overall functioning and recovery
compared to males (Pang et al., 2016). Males with schizophrenia generally experience less
cognitive impairment relative to females in visuospatial tasks, whereas women outperform men
in memory, language, verbal abilities, and executive functioning tasks (Mendrek & ManciniMarïe, 2016; Pu et al., 2019). This trend is consistent with that of healthy control populations,
with males scoring higher on spatial tasks and females scoring higher on tests of verbal ability
(Hyde, 2016). Additionally, healthy males appear to display stronger connectivity in
sensorimotor and visual cortices, whereas females have been found to display stronger
connectivity when not engaged in a task (Ritchie et al., 2018). However, studies of sex
differences in cognition in schizophrenia populations often report mixed results. Li and
colleagues (2019) found that relationships between negative symptoms and processing
speed/working memory are similar between males and females, with a significant association
between positive symptoms in short-term and selective attention in females, suggesting the link
between positive symptoms and attention is moderated by sex. Finally, research has observed
that negative symptoms mediated differences between males and females in cognitive
functioning, with men having worse scores in attention, language, and executive functioning
11

compared to females (Ochoa et al., 2012). Previous studies examining sex differences of
cognitive tasks in psychosis have displayed similar scores to those of healthy controls,
questioning what types of differences may exist between the sexes at the level of the brain during
the first episode.
From a brain perspective, the most robust sex findings are enlargement of the ventricles,
decreases in total brain volume, and decreases in cortical and subcortical tissue, particularly in
prefrontal regions, superior temporal gyrus, and in the hippocampal formation in men with
schizophrenia relative to women (Mendrek & Mancini-Marïe, 2016). In addition, some work has
observed that males with schizophrenia showed significantly larger ventricles relative to samesex controls, while ventricle enlargement in females was less-pronounced or non-existent
(Andreasen et al., 1990; Nopoulos et al., 1997). Another study found that when men and women
with schizophrenia were grouped together, smaller superior temporal gyrus and
amygdala/hippocampal complex volume were observed compared to controls; however, when
males and females were analyzed separately, the left temporal lobe was significantly smaller in
men relative to women (Bryant et al., 1999).
Despite extensive evidence for differences in structural integrity of brain anatomy
between sexes in schizophrenia, few studies have examined this in FEP populations (Wang et al.,
2019). Some limited work has been done with functional imaging methodologies in FEP, where
females show greater widespread functional hypoconnectivity alteration in the right hemisphere
in comparison to males, while males did not display a reduction in functional connectivity in the
right hemisphere. Although, in males hypoactivation was noted largely in the left hemisphere,
more specifically in Broca’s area (Wang et al., 2019). The aberrant connectivity observed in
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females in this study was thought to be due to sex differences in the complexity of brain
development, possibly reflecting earlier and faster frontal lobe lateralization development in
females relative to males (Wang et al., 2019). Additionally, in a study examining insular volumes
in FEP patients, female patients showed significantly smaller right insula volumes compared to
healthy female controls (Duggal et al., 2005). These findings of right-sided insular volume
reduction in only female patients was noted as being a novel observation and may be due to
differences in subject characteristics since the study had equal cohorts of FEP males and females
(Duggal et al., 2005). Regarding deep-brain structures, Egloff and colleagues (2018) found larger
hippocampal volumes bilaterally in female psychosis patients compared to male psychosis
patients. Additionally, Luckhoff and colleagues (2020) found an association between smaller
subiculum volumes in the hippocampus and an increase in body mass in female psychosis
patients, but not in male psychosis patients. Overall, studies of neural and sex differences in FEP
populations have been largely conducted through functional modalities, with very few utilizing
structural modalities and not in regions involved in the FPN.
Advanced statistical methods, such as machine learning, may assist in understanding
differences the unique features of brain structures between the sexes and further aid in
distinguishing psychosis from healthy controls. Machine learning is an increasingly utilized
method that describes a range of statistical techniques where a computer program learns to
optimize performance on a classification or prediction task without explicit direction. Machine
learning was originally described in 1959 by A.L. Samuel when relating pattern recognition to a
game of checkers (Samuel, 1959). The discipline of machine learning focuses on how to
construct a computer system that automatically improves though experience and what are the
fundamental statistical-computational information theoretic laws that guide all learning systems
13

(Jordan & Mitchell, 2015). Different methodologies are available for machine learning, including
decision trees, k-nearest neighbors, naïve bayes classifiers, support vector machines, and
multiple kernel learning. Over time these techniques have progressively developed and are now
commonly used in multiple applications, notably to predict group membership or prognosis of
neuropsychiatric and neurodegenerative disorders using high-dimensional neuroimaging data
(Jauhar et al., 2018).
Advanced machine learning methods determine a specific model that explains the
relationship between predictors and class membership in a training set, which is then applied to a
test set. A major strength of these techniques is the ability to examine model accuracy to classify
an individual subject, as opposed to all subjects being grouped together (Jauhar et al., 2018).
Machine learning has potential to assist in understanding the biological basis of psychosis by
highlighting neuroanatomical information that may inform diagnostic tools in distinguishing
psychosis from mood disorders or healthy controls (Koutsouleris et al., 2015; Squarcina et al.,
2017). In a review examining the applications of machine learning to neuroimaging methods in
psychiatric disorders, Kloppel et al., (2012) showed that machine learning methods provided
relatively good accuracies in schizophrenia and depression patients. Squarcina et al., (2017)
noted that prefrontal and orbitofrontal cortex represent relevant regions for psychosis and related
cognitive impairments with studies showing reductions in cortical thickness and volume in
fronto-temporal networks in patients with early signs of schizophrenia.
Machine learning methods are also a powerful approach for identifying patterns of
structural and functional impairments in widely-distributed brain regions for single-subject
prediction tasks in schizophrenia (Arbabshirani et al., 2017; Davatzikos et al.,
2005; Zarogianni et al., 2013). Recent current classifiers efforts using
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neuroimaging based biomarkers are able to differentiate patients with schizophrenia from control
participants with a sensitivity and specificity of about 80% (Talpalaru et al., 2019) with higher
accuracies being reported when patients are grouped together based on symptom presentation
(Nenadic et al., 2015). Support vector machines (SVM) is a specific machine learning technique
that assists in classification. SVM is a form of supervised learning where data with known labels
are used to train a model that can predict the label for the new data, for example, classifying
emails as spam based on previously labeled emails (Shatte et al., 2019). SVM is similar to
logistic regression, in that it is used to filter data into binary or multiclass target variables.
Additionally, SVM is useful in understanding complex relationships and mitigating outliers
(Theobald, 2018), making the results of the model more interpretable than another machine
learning method. SVM has been used to assist in classification studies including intrusion
detection system, policyholder satisfactory, insolvency prediction, and brain cancer classification
(Rampisela & Rustam, 2018). SVM and discriminate function analysis are the most frequently
employed methods in schizophrenia research with success in separating patients from other
subjects based on decreases in cortical gray matter in regions including prefrontal, orbitofrontal,
and superior temporal (Schnack et al., 2014). The cortical pattern that drives the discrimination
between patients with schizophrenia is diffuse, but includes decreases in superior frontal and
parietal gray matter, with the large extent of these changes over the right hemisphere, potentially
reflecting an issue in neural networks in schizophrenia (Schnack et al., 2014).
Statement of Problem
Given the need to further understand the complex pathophysiology of FEP, an approach
to studying the independent neurobiology of males and females in FEP may aid our
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understanding of how sex influences and impacts cognitive manifestations of the illness. A
focused study of the FPN as a candidate network may clarify its unique role in cognitive control
(Ray et al., 2017) and potentially provide insight into how sex differences, both from a brain and
behavior perspective, manifest in first episode populations, which has implications for
determining treatment decisions, with potential downstream effects on improving cognitive,
social, and occupational functioning.
The first aim of this study is to characterize the structural integrity, as measured by
cortical thickness and subcortical shape deformation, of regions in the FPN including the
dorsolateral prefrontal cortex (DLPFC), inferior parietal lobule (IPL), caudate nucleus, and the
thalamus, and to investigate whether structural differences in these regions vary by sex in FEP.
Hypothesis 1A) It is hypothesized that the male FEP group will demonstrate greater cortical
thinning in the left and right middle frontal gyrus, left and right superior frontal gyrus and left
inferior frontal gyrus relative to male control participants and that abnormal shape deformation
in both the right caudate nucleus and left thalamus will be observed in the male FEP group
relative to male control participants; Hypothesis 1B) It is hypothesized that the female FEP group
will demonstrate greater cortical thinning in the left and right inferior parietal gyrus relative to
female control participants and that abnormal shape deformation in both the right caudate
nucleus and left thalamus will be observed in the female FEP group relative to female control
participants; Hypothesis 1C) it is hypothesized that male FEP patients will display greater
cortical thinning in the left and right middle frontal gyrus, left and right superior frontal gyrus,
and left inferior frontal gyrus in addition to greater abnormal shape deformation in the right
caudate nucleus and the left thalamus relative to female FEP patients.
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The second aim is to evaluate whether structural abnormalities in regions of the FPN
relate to cognitive control performance in FEP and if sex is an influencing factor. Hypothesis
2A) It is hypothesized that thinner cortices in left and right middle frontal gyrus, left and right
superior frontal gyrus, left inferior frontal gyrus, and inward shape deformation of the right
caudate and left thalamus will relate to impaired cognitive control in FEP males; Hypothesis 2B)
it is hypothesized that thinner cortices in left and right inferior parietal gyrus and inward shape
deformation of the right caudate and left thalamus will relate to impaired cognitive control in
FEP females.
The third aim is to determine whether cortical thickness and subcortical shape
deformation measures of all participants can be used to train a machine learning algorithm to
classify diagnostic status. Hypothesis 3) It is hypothesized that measures of cortical thickness and
subcortical shape deformation will be able to accurately sort participants into the correct
diagnostic group using a support vector machine model. It is also hypothesized that middle
frontal and inferior frontal regions will be the most predictive in classifying diagnostic status.
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Methods
The current study utilized archival data previously collected by the titled Human
Connectome Project for Early Psychosis (HCP-EP). Participants were recruited from four
clinical sites including Indiana University (IU) Psychotic Disorders Program, Prevention and
Recovery for Early Psychosis (PARC); Brigham Women’s Health (BWH) Beth Israel Deaconess
Medical Center – Massachusetts Mental Health Center (BIDMC-MMHC), Prevention of and
Recovery from Early Psychosis (PREP) Program; McLean Hospital, McLean on Track; and
Massachusetts General Hospital (MGH), First Episode and Early Psychosis Program (FEPP). All
participants released by HCP-EP completed imaging data as well as multiple neuropsychological
measures. The dataset was anonymized prior to utilization for this study.
Participants
All participants were between 16 to 35 years of age when entering the study, able to
provide informed consent or had legal representation or a guardian, and fluent in English.
Participants were sorted into cohorts based on diagnosis. The non-affective (n = 86, males = 60,
females = 26) cohort was classified as having a DSM-5 diagnosis of schizophrenia,
schizophreniform, schizoaffective, psychosis NOS, delusional disorder, or brief psychotic
disorder with an onset within five years prior to study entry. The affective (n = 25, males = 8,
females = 17) cohort was classified as having a DSM-5 diagnosis of major depression with
psychosis (single and recurrent episodes) or bipolar disorder with psychosis (including depressed
and manic types) with an onset within five years prior to study entry. The healthy control (n =
55, males = 35, females = 20) cohort was classified as not meeting any other cohort criteria, not
having an anxiety disorder, not having a first-degree family member diagnosed with a
schizophrenia spectrum disorder, not taking psychiatric medications, and having no history of
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psychiatric hospitalization. Both non-affective and affective cohorts were combined to form a
single FEP group in order to examine the neurobiological continuum of first episode psychosis
across the diagnostic spectrum. Previous studies have routinely combined non-affective and
affective cohorts for the purposes of addressing diagnostic overlap, given overlap across
different psychotic disorders in symptom presentation, illness course, cognition,
psychophysiology, and neurobiology (Clementz et al., 2016; Du et al., 2012; Tamminga et al.,
2013; Volk et al., 2012). Additionally, by combining non-affective and affective cohorts,
researchers are able to examine psychosis with clear and measurable manifestations (Tamminga
et al., 2013). In the event that groups differ on critical demographics, the differing demographics
were used as a covariate in subsequent analyses. Any participants were excluded based on: (a)
substance-induced psychosis or psychiatric disorder; (b) a known IQ less than 70 based on
medical history; (c) known medical history of HIV+ status; (d) active medical condition that
affects brain or cognitive functioning (e.g. seizure disorder, epilepsy, head trauma, stroke,
traumatic brain injury, significant loss of consciousness, or other neurological disorder); (e)
implanted pacemaker, medication pump, vagal stimulator, deep brain stimulator, TENS unit,
ventriculoperitoneal shunt, or other contraindication to undergoing an MRI; (f) current severe
substance use disorder in past 90 days; (g) electroconvulsive therapy (ECT) treatment in past 12
months; (g) considered to be a high risk for suicidal acts; and (h) demonstration of overly
aggressive behavior or who are deemed to pose a substantial risk of danger.
Measures
The Human Connectome Project for Early Psychosis collected various
neuropsychological measures including those from the NIH Toolbox (Slotkin et al., 2012). For
the purposes of this study tasks that comprise the Fluid Cognition Composite Score of the
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Toolbox best represent aspects of cognitive control and include the following: flanker inhibitory
control and attention test, dimensional change card sort test, list sorting working memory test,
pattern comparison processing speed test, and picture sequence memory test (Gershon et al.,
2013; Hodes et al., 2013; McDonald, 2014). The flanker inhibitory control and attention test is a
measure of executive function that measures attention and the ability to inhibit automatic
responses that may interfere with the achievement of goals. It accomplishes this by requiring
participants to focus on a particular stimulus while inhibiting attention to the flanking stimuli.
Stimuli are presented as a line arrows with the focus being on the arrow in the middle. This task
has two types of trials; congruent, where arrows are pointing in the same direction, and
incongruent, where flanking arrows are pointing in the opposite direction of the middle arrow.
The dimensional change card sort test is a measure of executive functioning that assesses
cognitive flexibility and attention. In this task there are two target pictures presented that vary in
shape and color and participants are required to match sets of two test pictures that differ in color
to the target pictures, with the dimension for sorting being indicated by a cue word. The list
sorting working memory test assesses working memory or the capacity to process information
across a series of tasks and modalities. This task requires the participant to sequence sets of
visually and orally presented stimuli in size order from smallest to largest. The pattern
comparison processing speed test is designed to measure processing speed which requires
participants to discern whether two side-by-side pictures are the same or not with the test only
lasting 90 seconds. The picture sequence memory test is designed to assess episodic memory
using sequences of pictured objects and activities that are presented in a particular order. The
participant must put the pictured objects back into the sequence that was shown with the total
time of the test being 7 minutes. Each measure was given once to the
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participant and standardized scores were calculated by including the demographic variables of
age, socioeconomic status (SES), sex, and race. The Fluid Cognition Composite Score from the
NIH Toolbox best represents the underlying construct of cognitive control given its measurement
of the capacity for new learning and information processing in novel situations (Akshoomoff et
al., 2013). The Fluid Cognition Composite Score was calculated by converting raw scores to
scaled scores, then a final conversion to age-corrected standard scores using the formula
provided by the NIH Toolbox workgroup.
Image Acquisition Parameters
MRI brain scans were collected on Siemens MAGNETOM Prisma 3T scanners at BWH,
IU, and McLean Hospital. BWH and IU used a 32-channel head coil, while McLean Hospital
used a 64-channel head and neck coil, with the neck channels turned off. Each site acquired T1weighted (MPRAGE, TR = 2400ms, TE = 2.22ms, FOV = 256mm, flip angle = 8°, and slice
thickness of 0.8mm and T2-weighted (SPACE, TR = 3200ms, TE = 563ms, FOV = 256mm, and
slice thickness of 0.8mm) structural scans of 0.8mm isotropic resolution for each participant.
Given the potential for introduction of error due to site-specific effects, neuroComBat procedures
(Fortin et al., 2018; Johnson et al., 2007) were implemented to harmonize the imaging data and
reduce this influence.
Imaging Processing
Raw T1-weighted scans were processed using FreeSurfer (FS)
(https://surfer.nmr.mgh.harvard.edu/) version 6.0.0 (Dale et al., 1999) and edited
according to established guidelines (Ségonne et al., 2007). The general steps
included removing non-brain tissue (Fischl, Salat, et al., 2004), and an automated Talairach
transformation and segmentation of the white matter and subcortical grey matter (Fischl et al.,
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2002; Fischl, Van Der Kouwe, et al., 2004). The boundary of gray and white matter was then
tessellated and automatically corrected (Ségonne et al., 2007). Next, classifications of the tissue
at the level of each individual voxel and then further classified based on the intensity of the local
neighboring voxel. Spherical surface maps for each subject were then generated and morphed
into a common spherical atlas using non-linear surface-registration procedures, allowing for
high-registration, surface-based averaging and a comparison of cortical measurements across
subjects (Fischl et al., 1999).
Definition of the cortical regions involved in the frontoparietal network for all subjects
were functionally derived using an existing atlas developed by Shirer and colleagues (2012).
Atlas regions of interest (ROI) were created by applying MELODIC independent component
analysis software from FSL to group-level resting state data from 15 healthy right-handed
subjects aged 18-30 (Shirer et al., 2012). From this analysis 30 components were generated with
14 being visually selected as being intrinsic connectivity networks (ICNs). Each of the 14 ICNs
were then thresholded independently and arbitrarily to generate distinct moderately sized ROIs in
the cortical and subcortical gray matter. The thresholding step resulted in 90 ROIs across the 14
ICNs covering most of the brain’s gray matter (Shirer et al., 2012). The specific atlases used in
the current study are the left and right “executive control network” atlases. The cortical regions
included in the left executive control network (LECN) atlas include the middle frontal gyrus,
superior frontal gyrus, inferior frontal gyrus, inferior parietal gyrus and the thalamus. The
regions included in the right executive control network (RECN) atlas include middle frontal
gyrus, superior frontal gyrus, inferior parietal gyrus, and the caudate. Details regarding the ROIs
can be found on Shirer and colleagues’ website
(https://findlab.stanford.edu/functional_ROIs.html). The cortical ROIs from each hemisphere
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atlas were registered then mapped to the cortical surface in subjects using embedded FS
algorithms. Mean cortical thickness (in mm) for each ROI, as well as mean global cortical
thickness for each hemisphere, were derived using FS tools. Subsequent statistical models of
cortical thickness were conducted in pairs – one covarying for mean cortical thickness, and one
without – to evaluate the relative effects of global cortical thickness.
Subcortical features of the caudate and thalamus were derived through the application of
high-dimensional brain mapping procedures (Csernansky, Wang, et al., 2004). Based on the
Shirer atlas described above (2012), only the right caudate and the left thalamus were selected
for analysis given these were the deep-brain ROIs noted in the L/RECN. The first step in FSinitiated large deformation diffeomorphic metric mapping (LDDMM) is to generate FS
subcortical labels per Fischl and colleagues (2002; 2004). LDDMM requires coarse alignment
between target and template subcortical ROIs. The alignment is achieved by an affine
transformation between FS subcortical labels in the target and template images. Next, an ROI
subvolume from the template image and each template-aligned target image is centered on the
FS subcortical label (Wang et al., 2009). LDDMM then generates a diffeomorphic
transformation that is smooth and has a smooth inverse so that the anatomy is consistently
mapped and preserves smoothness of anatomical features (Wang et al., 2009). By utilizing
LDDMM procedures, the reliability and accuracy of structures is increased (Khan et al., 2008).
Principal components analysis (PCA)was then used to assess shape variance in the chosen
structures by compiling deformation values for all vertices of each structure for all subjects into
a single matrix for analyses. Resulting eigenvectors were derived with associated eigenvalues
for each subject and used for statistical analyses. The first 10 eigenvectors for each
structure in each hemisphere were used for analysis as these typically account for ~80% or more
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of the variance in shape and assists in reducing the number of comparisons while maximizing the
amount of variance in analyses.
Statistical Analyses
Analyses were conducted using R version 3.6.2, SPSS version 26, and Python 3.9.2.
Archival data, consisting of both imaging scans and neuropsychological measures, for all
subjects were collected, aggregated, and organized from all sites. Missing data on
neuropsychological measures were accounted for and remedied using mean imputation or data
censoring, and Winsorization procedures were used to address any outliers, which included
fencing outliers within 3 standard deviations of the mean based on the outlier function in R.
Demographic comparisons for age, and SES were accomplished using analysis of variance
(ANOVA) models, with chi-square analyses for sex and race variables. ANOVA models were
used to compare group performance on neuropsychological performance.
For Hypothesis 1A, multivariate ANOVA (MANOVA) models were used to evaluate
differences in average cortical thickness in the left and right middle frontal gyrus, left and right
superior frontal and left inferior frontal ECN ROIs. MANOVA models were also used to
evaluate differences in average cortical thickness in the left and right inferior parietal ECN ROIs.
Additionally, Hypothesis 1A also included separate per hemisphere MANOVA models to
compare shape characteristics of the right caudate nucleus and the left thalamus between disease
cohorts using the first 10 eigenvectors from each structure as dependent variables. Shape
deformation contrast maps between FEP and CON for the caudate and thalamus were
constructed using the composite surface at each graphical vertex. Shape displacements were
estimated at each surface point. Random Field Theory (RFT) was applied to shape deformation
contrast studentized-t maps to control for multiple comparisons, which is a body of mathematics
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that defines theoretical results for smooth statistical maps and have been noted as being versatile
when dealing with thresholding issues that are encountered in functional imaging (Frackowiak,
2004). RFT is an efficient and reproducible alternative to nonparametric testing for statistical
validity due to intensive sampling from the null distribution (Flandin & Friston, 2019).
Hypothesis 1B, followed the same approach as H1A above, but only included female
participants, with group status characterized as: female FEP vs. female CON.
For Hypothesis 1C, MANOVA models were used to compare differences in cortical
thickness in the left and right middle frontal gyrus, left and right superior frontal, and left inferior
frontal between men and women in the FEP group alone. MANOVA models were also used to
evaluate differences in average cortical thickness in the left and right inferior parietal ECN ROIs.
Additional per-hemisphere MANOVA models were used to compare shape deformation values
of the right caudate and left thalamus to determine differences between males and females.
Additionally, an exploratory vertex-wise whole-brain analysis of cortical thickness was
conducted for all group contrasts noted above and included relevant covariates.
For Hypotheses 2A and 2B, calculation of Pearson correlation coefficients was calculated
to determine potential relationships between brain structure using measures of cortical thickness
from all LECN and RECN ROIs, the first eigenvector from the right caudate, and mean
deformation of the left thalamus with the Fluid Cognition Composite Score from the NIH
Toolbox. Multicollinearity among brain variables was assessed using a threshold of 0.90 or
above as evidence for highly related variables (Tabachnick & Fidell, 2006) and redundant
measures were excluded. Resulting Pearson correlation coefficients were not corrected for
multiple comparisons given their exploratory nature.
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For Hypothesis 3, SVM models were used and trained through supervised learning using
cortical thickness and subcortical shape deformation values in all cohorts to classify participants
based on diagnostic status. SVM is a high-dimensional pattern recognition, supervised learning
algorithm that is commonly used to assist in solving classification problems (Vapnik, 1999).
SVM models were labeled as: M(fep-hc) to separate the FEP cohort from controls. SVM
classification processes includes two phases; the first is the creation of a model by means of
training, and the second is model validation. Subjects were represented by features that are
congregated into a vector per subject. These vectors exist in a high dimensional feature space
where a flat decision surface is constructed to separate the subjects from different classes and is
accomplished by the decision function that vanishes at the decision surface (Nieuwenhuis et al.,
2012). In the first phase of training, each subject had a label (e.g., fep 1; control -1). When the
model is applied to the dataset, the decision function is used to classify the test subject (Schnack
et al., 2014). Given that we have a limited sized dataset, k-fold cross validation was used in both
the training and testing stages. Since there can be several surfaces that exactly separate the
cohorts, SVM chooses the optimal separating hyperplane (OSH) where the space between two
cohorts is made as large as possible. This is a necessary step for generalization of the model
when new subjects are introduced. Additionally, there is a free parameter, labeled C, in SVM
that influences the narrowness of the margin with previous studies showing that tuning C can
increase the model’s performance (Franke et al., 2010; Schnack et al., 2014).
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Results
Data Screening
Missing values were observed among various cognitive tests, including one subject each
for Pattern Comparison, Picture Sequence, and WASI IQ. All missing values were addressed
using mean imputation. Regarding outliers, 39 were observed in the left caudate, 38 in the right
caudate, 29 in the left thalamus, 30 in the right thalamus, one in the left superior/middle frontal
gyrus, one in the right middle frontal gyrus, and one in the right superior frontal gyrus. All
outliers were addressed using Winsorization procedures.
Given these data for the current study were derived from multiple collection sites, the
effect of site on neuroimaging variables was formally assessed. MANOVA models revealed a
significant overall main effect of site on all brain imaging values (F (21,448.5) = 2.13, p = 0.003).
The neuroComBat harmonization procedures as outlined by Fortin and colleagues (Fortin et al.,
2018; Johnson et al., 2007) were used to account for the potential error and variability incurred
when combining all subjects for analysis. The Combat harmonization approach (Johnson et al.,
2007) models user-defined group scaling factors and uses empirical Bayes to improve the
estimation of grouping parameters (“site” in this study) for small sample sizes (Fortin et al.,
2018). The R implementation of their freely available code
(https://github.com/Jfortin1/ComBatHarmonization) was adapted and used on all imaging values
(cortical and subcortical) with site as the harmonized (“batch” vector), while holding sex, age,
and group type (affective, non-affective, control) variables constant (“mod” vectors).
Demographic and Cognitive Variables
Groups (see Table 1) did not differ on SES (F(3,160) = 0.46, p = 0.71, ηp2 = 0.01) or
education level (F(3,162) = 0.35, p = 0.79, ηp2 = 0.01); however, groups did differ on age
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(F(3,162) = 4.68, p = 0.004, ηp2 = 0.08), sex (χ2 (3) = 166, p = 0.00), and race (χ2 (15) = 27.53, p
= 0.02). Post hoc analyses for age revealed significant differences between SCZM and CONM
groups only (p = 0.002, 95% C.I. = -4.91, -0.81), thus age was included as a covariate in
subsequent analyses between these groups. Additional post hoc analyses for race revealed
significant differences between SCZM and CONM (χ2 (3) = 9.26, p = 0.03) and between SCZF
and CONF (χ2 (5) = 11.82, p = 0.04), thus race was included as a covariate in subsequent
analyses between these groups. Groups also significantly differed on the Fluid Cognition
Composite score (F(3,162) = 16.17, p = 0.00, ηp2 = 0.23) and WASI IQ (F(3,162) = 11.8, p <
0.001, ηp2 = 0.18). Post hoc analyses for the Fluid Cognition composite score revealed
significant group differences only between SCZM and CONM (p < 0.001, 95% C.I. = -29.21, 10.10) and SCZF and CONF (p < 0.001, 95% C.I. = -32.98, -8.12). Additional post hoc analyses
for WASI IQ revealed significant group differences only between SCZM and CONM (p < 0.001,
95% C.I. = -23.28, -7.41) and SCZF and CONF (p = 0.01, 95% C.I. = -22.43, -1.78).
Table 1. Demographic Characteristics of Study Sample
SCZ
(n = 111)
Male
Female
(n=68)
(n=43)
Mean (SD) Mean (SD)

CON
(n = 55)
Male
Female
(n=35)
(n=20)
Mean (SD)
Mean (SD)

F-test

df

p

Age (years)

22.4 (3.1)

23.3 (4.3)

25.3 (4.1)

24.2 (4.3)

4.68

3,162

0.004*

SES

2.2 (1.2)

2.3 (1.2)

2.1 (1.0)

2.1 (1.2)

0.46

3,160

0.71

Education (years)

5.4 (6.8)

6.4 (7.5)

6.6 (7.8)

6.7 (8.6)

0.35

3,162

0.79

99.8 (16.0)

103.4 (16.9)

115.2(9.1)

115.6 (12.5)

11.8

3,162 0.001*+

79.6 (18.6)

83.3 (19.1)

99.3 (15.5)

103.8 (14.4)

16.17

3,162 0.000*+

WASI IQ
Fluid Cognition
Composite

Omnibus Statistic
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Sex Percentage

N

N

N

N

Χ2

df

p

61%

39%

64%

36%

166

3

0.000*+

66%

80%

27.53

15

0.02*+

Race (% White)
50%
47%
* significant difference between SCZM and CONM
+
significant difference between SCZF and CONF

Analysis of Cortical Frontoparietal Network Regions of Interest
Omnibus 2x2 MANOVA models (Table 2) were conducted using sex and diagnostic
status as factors. Results for all frontal regions revealed a significant main effect for sex
(F(5,158) = 2.79, p = 0.02), but no significant main effect for diagnostic status (F(5,158) = 1.98,
p = 0.09) and no significant interaction effect between sex and diagnostic status (F(5,158) = 0.56,
p = 0.73). Results for all parietal regions revealed a significant main effect for diagnostic status
(F(2,161) = 3.04, p = 0.05), but no significant main effect for sex (F(2,161) = 1.31, p = 0.27) and
no significant interaction effect between sex and diagnostic status (F(2,161) = 0.39, p = 0.68).
Due to there being no significant main effect for sex in parietal regions, individual group
comparisons were not done for these regions.
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Figure 1. ECN atlas regions used in analyses. In the left ECN, the superior/middle frontal gyri
are represented by LECN01, the inferior frontal gyrus is represented by LECN02, and the
inferior parietal gyrus is represented by LECN03. In the right ECN, the superior/middle frontal
gyri are represented by RECN01, another portion of the middle frontal gyrus is represented by
RECN02, the inferior parietal gyrus is represented by RECN03, and another portion of the
superior frontal gyrus is represented by RECN04. Figure 1 displays each of these labels on an
inflated surface of the brain.
SCZM and CONM


The influence of race was evaluated and did not significantly contribute to the variance

in any of the models and thus was not included in final analyses. MANOVA results revealed
no significant group difference of cortical thickness in the frontal regions, including right and
left superior frontal, right and left middle frontal, and left inferior frontal (F(5,22) = 1.27, p =
0.31). When including average cortical thickness as a covariate, the model remained nonsignificant (F(5,94) = 0.43, p = 0.83).
SCZF and CONF


The influence of race was evaluated and did not significantly contribute to the variance

in any of the models and thus was not included in final analyses. MANOVA results revealed
no significant differences between groups in all frontal regions
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(F(5,57) = 1.13, p = 0.35). When including average cortical thickness as a covariate, the groups
did not significantly differ (F(5,55) = 0.71, p = 0.62).
SCZM and SCZF


MANOVA results revealed no significant differences between groups in all frontal

regions (F(5,105) = 0.81, p = 0.55). When including average cortical thickness as a covariate,
the groups did not significantly differ (F(5,103) = 1.05, p = 0.39).
Table 2. Omnibus Cortical and Subcortical 2x2 MANOVA
F-test

df

p

Frontal Regions – Sex
Frontal Regions – Diagnostic
Status
Frontal Regions – Sex x
Diagnostic Status
Parietal Regions – Sex
Parietal Regions – Diagnostic
Status
Parietal Regions – Sex x
Diagnostic Status
R Caudate – Sex

2.79

5,158

0.02*

1.98

5,158

0.09

0.56

5,158

0.73

1.31

2,161

0.27

3.04

2,161

0.05

0.39

2,161

0.68

6.93

10,153

0.000**

R Caudate – Diagnostic Status
R Caudate Sex x Diagnostic
Status

2.92

10,153

0.002**

0.39

10,153

0.96

L Thalamus – Sex
L Thalamus – Diagnostic Status
L Thalamus – Sex x Diagnostic
Status
*p < .05
**p < .01

8.48

10,153

0.000**

2.91

10,153

0.002**

0.57

10,153

0.84

Analysis of Frontoparietal Network Subcortical Shape Differences
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Omnibus 2x2 MANOVA models (Table 2) were conducted using sex and diagnostic
status as factors. Results for the right caudate revealed significant main effects for both sex
(F(10,153) = 6.93, p < 0.001) and diagnostic status (F(10,153) = 2.92, p = 0.002), but no
significant interaction effect between sex and diagnostic status (F(10,153) = 0.37, p = 0.96).
Results for the left thalamus revealed significant main effects for both sex (F(10,153) = 8.48, p
<0.001) and diagnostic status (F(10,153) = 2.91, p = 0.002), but no significant interaction effect
between sex and diagnostic status (F(10,153) = 0.57, p = 0.84).
SCZM and CONM


The influence of race was evaluated and did not significantly contribute to the variance

of subcortical shape in the right caudate but did in the left thalamus. MANOVA results revealed
no significant differences in the overall shape of the right caudate (F(10,17) = 1.15, p = 0.38)
with age as a covariate. Visual inspection of surface contrast t-stat maps (Figure 2A) revealed
small, but significant, inward deformation along the right medial aspects of caudate in the SCZM
group relative to the CONM group that survived RFT correction. MANOVA results revealed no
significant differences in the overall shape of the left thalamus (F(10,17) = 1.11, p = 0.41)
between the groups. When including race as a covariate, the groups did not significantly differ
(F(10,14) = 0.62, p = 0.78). Visual inspection of surface contrast t-stat maps (Figure 2B)
revealed inward deformation of the lateral, medial, and dorsal aspects of the left thalamus in the
SCZM group relative to the CONM group, but these did not survive RFT multiple-comparison
correction.
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Figure 2. Surface shape deformation maps between SCZM and CONM in the caudate and
thalamus. Cooler colors indicate regions with significant inward deformation and warmer colors
indicate regions with significant outward deformation in SCZM relative to CONM and corrected
for multiple comparisons using random field theory (RFT) or have a t-threshold set to 0.05
(thalamus only).
SCZF and CONF


The influence of race was evaluated and did not significantly contribute to the variance

in the right caudate but did in the left thalamus. MANOVA results revealed no significant
differences in the overall shape of the right caudate (F(10,52) = 1.50, p = 0.17). Visual
inspection of surface contrast maps (Figure 3A) revealed subtle inward deformation
on right medial and right lateral aspects of the caudate in the SCZF group relative to the CONF
group, but these did not survive RFT multiple-comparison correction. MANOVA results
revealed no significant differences in the left thalamus (F(10,52) = 1.69, p = 0.11). When
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including race as a covariate, the groups did not significantly differ (F(10,47) = 0.94, p = 0.51).
Visual inspection of surface contrast maps (Figure 3B) revealed significant inward deformation
along medial aspects of the left thalamus in the SCZF group relative to the CONF group, that
survived RFT correction.
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CONM and CONF


To determine whether results between SCZM and SCZF are due to disease or sex,

MANOVA models were completed between COMN and CONF. MANOVA results revealed
significant differences in the overall shape of the right caudate (F(10,44) = 2.91,
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p = 0.007). Visual inspection of the surface contrast maps (Figure 4A) revealed significant
inward deformation on dorsal aspects of the head and tail of the right caudate, with slight
outward deformation along inferior aspects of the tail of the right caudate in the CONM group
relative to the CONF group that survived RFT correction. MANOVA results revealed significant
differences in the overall shape of the left thalamus (F(10,44) = 3.34, p = 0.003). Visual
inspection of the surface contrast maps (Figure 4B) revealed significant inward deformation in
the left pulvinar, left lateral geniculate nucleus, lateral dorsal, anterior, and anterior medial nuclei
of the thalamus in the CONM group relative to the CONF group that survived RFT correction.

Figure 4. Surface shape deformation maps between CONM and CONF in the right caudate and
left thalamus. Cooler colors indicate regions with significant inward deformation and warmer
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colors indicate regions with significant outward deformation in CONM relative to CONF and
corrected for multiple comparisons using random field theory (RFT).
SCZM and SCZF


MANOVA results revealed significant differences in the overall shape of the right

caudate (F(10,100) = 5.17, p < 0.001). Visual inspection of the surface contrast maps (Figure
5A) revealed significant inward deformation on dorsal aspects and significant outward
deformation along inferior aspects of the caudate, largely in the tail, in the SCZM group relative
to the SCZF group that survived RFT correction. MANOVA results revealed significant
differences in the overall shape of the left thalamus (F(10,100) = 6.37, p < 0.001). When
including race as a covariate, the groups did significantly differ (F(10,100) = 6.37, p < 0.001).
Visual inspection of the surface contrast maps (Figure 5B) revealed significant inward
deformation in the left pulvinar nucleus, lateral geniculate nucleus, anterior nuclei, ventral
lateral nuclei, lateral dorsal nuclei, and medial nuclei of the thalamus in the SCZM group
relative to the SCZF group that survived RFT correction.
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Figure 5. Surface shape deformation maps between SCZM and SCZF in the right caudate and
left thalamus. Cooler colors indicate regions with significant inward deformation and warmer
colors indicate regions with significant outward deformation in SCZM relative to SCZF and
corrected for multiple comparisons using random field theory (RFT).
Whole Brain Vertex-Wise Analysis
An exploratory whole brain vertex-wise analysis of cortical thickness was conducted with
the following group comparisons: SCZM vs. CONM; SCZF vs. CONF; and SCZM vs. SCZF;
with age as a covariate. The FreeSurfer implementation of Permutation Analysis of Linear
Models (PALM) (Winkler, Ridgway, et al., 2016; Winkler, Webster, et al., 2016; Winkler et al.,
2015) was used to correct for multiple comparisons for all contrasts. When examining results for
the SCZM vs. CONM contrast (Figure 6), the CONM group displayed greater cortical thinning
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in the left precuneus, left and right postcentral gyrus, left inferior frontal gyrus, right middle
frontal gyrus, left and right frontal pole regions, and right inferior parietal lobule.

Figure 6. Freesurfer whole-brain vertex-wise analysis of cortical surface area in SCZM vs.
CONM. Statistical maps controlling for effect of age display decreasing (warm colors) patterns
of cortical thickness in CONM compared to SCZM.
In the SCZF vs. CONF comparison (Figure 7), the CONF group displayed greater cortical
thinning in the left and right middle frontal gyrus, left and right lateral orbitofrontal gyrus, left
and right inferior frontal gyrus, left and right superior temporal gyrus, left and right postcentral
gyrus, and left inferior parietal lobule.
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Figure 7. FreeSurfer whole-brain vertex-wise analysis of cortical thickness in SCZF vs. CONF.
Statistical maps controlling for effect of age display decreasing (warm colors) patterns of cortical
thickness in CONF compared to SCZF.
When examining the SCZM vs. SZCF contrast (Figure 8), the SCZF group displayed greater
cortical thinning in the left superior temporal gyrus, left and right postcentral gyrus, left inferior
frontal gyrus, right middle frontal gyrus, and right precentral gyrus.
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Figure 8. FreeSurfer whole-brain vertex-wise analysis of cortical thickness in SCZM vs. SCZF.
Statistical maps controlling for effect of age display decreasing (warm colors) patterns of cortical
thickness in SCZF compared to SCZM.
Cortical and Subcortical Relationships with Fluid Cognition
Pearson correlation coefficients were calculated in the SCZM group to explore
associations between Fluid Cognition and various components of the FPN – namely, the right
caudate, left thalamus (both represented by the 1st shape eigenvector for each structure in each
hemisphere), and average cortical thickness values of each ROI in the LECN and RECN (Table
3). A significant correlation was observed in the LECN superior/middle frontal ROI with Fluid
Cognition (r = -0.24, p = 0.05). No other significant correlations were observed between the
right caudate, left thalamus, the inferior frontal and inferior parietal of the LECN or the
superior/middle frontal, and inferior parietal in the RECN with the Fluid Cognition composite
score.
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Table 3. FPN Correlations with the Fluid Cognition Composite Score (SCZM Only)
R Caudate
L Thalamus
L Superior/Middle Frontal
L Inferior Frontal
L Inferior Parietal
R Superior/Middle Frontal
R Middle Frontal
R Inferior Parietal
R Superior Frontal
*p = .05

r
-0.10
-0.03
-0.24
0.02
0.06
-0.28
-0.13
-0.06

p-value
0.43
0.78
0.05*
0.84
0.62
0.07
0.31
0.61

-0.06

0.60

Pearson correlation coefficients were also calculated in the SCZF group to explore
associations between measures of FPN integrity and Fluid Cognition (Table 4). Significant
correlations were observed in the LECN inferior frontal gyrus ROI (r = 0.35, p = 0.02) and the
LECN inferior parietal gyrus ROI (r = 0.35, p = 0.02) with Fluid Cognition. However, no
significant correlations were observed between the right caudate, left thalamus, superior/middle
frontal in the LECN or the superior/middle frontal, and inferior parietal in the RECN with the
Fluid Cognition composite score.
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Table 4. FPN Correlations with the Fluid Cognition Composite Score (SCZF Only)
R Caudate
L Thalamus
L Superior/Middle Frontal
L Inferior Frontal
L Inferior Parietal
R Superior/Middle Frontal
R Middle Frontal
R Inferior Parietal
R Superior Frontal
*p < .05

r
-0.25
0.05
0.01
0.35
0.35
-0.11
0.21

p-value
0.11
0.75
0.96
0.02*
0.02*
0.48
0.18

0.20

0.20

1.18

0.26

SVM Classification
A first set of SVM models were trained through supervised learning to classify the groups
based on diagnostic status (SCZ or CON). All models allocated 75% of the data to be used for
training and 25% of the data to be used for testing the model – four separate SVM models were
generated for analyses. The first SVM model included all cortical features, defined as the
average cortical thickness values from each ROI in the LECN and RECN, and subcortical shape
deformation features, defined as the first 10 eigenvectors from the caudate and thalamus per
hemisphere. After k-fold cross validation procedures were completed, there was an 83.3%
accuracy in the training model and a 75% accuracy in the testing model. The second SVM model
only included cortical features to be used for classification. After k-fold cross validation
procedures were completed, there was a 74.7% accuracy in the training model and an 81.3%
accuracy in the testing model. The third SVM only included subcortical shape deformation
features to be used for classification. After k-fold cross validation procedures were completed,
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there was an 81.3% accuracy in the training model and an 81.2% accuracy in the testing model.
The final SVM model included all cortical and subcortical shape deformation features but trained
to classify based on sex status in the SCZ group only (male or female). After k-fold cross
validation procedures were completed, there was an 83.3% accuracy in the training model and a
75% accuracy in the testing model.
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Discussion
The overall aim of this study was to examine whether sexual dimorphisms of the FPN
were present in samples of individuals with first-episode psychosis. Examining the FPN and how
it relates to cognitive control may assist in clarifying any brain/behavior relationships from this
perspective and how cognitive control performance is influenced by sex in an FEP population.
Although, few studies have examined cognitive control performance in FEP, very few have
examined differences subcortically and between the sexes. Insights into the structural integrity of
regions in the FPN and cognitive control performance overall may assist in providing further
clarification of how this disorder manifests in the first episode. Overall, the main findings
demonstrate significant shape deformation differences in both the right caudate and left thalamus
in the FEP group when comparing the SCZM group to the SCZF group. Additionally, regions in
the left hemisphere, including superior/middle frontal in the SCZM group and left inferior frontal
and left inferior parietal in the SCZF group, were significantly related to poorer performance on
measures of Fluid Cognition. When comparing SCZM to CONM and SCZF to CONF, no
cortical or subcortical differences were found.
The first aim of the study was to characterize the structural integrity, as measured by
cortical thickness and subcortical shape deformation, of the FPN, and examine if specific
structural differences existed in these regions that varied by sex in FEP. When comparing SCZM
and CONM groups, no significant findings were observed in any cortical regions of the FPN,
including when considering average cortical thickness as a covariate. The same was observed for
SCZF and CONF group comparisons, and the SCZM and SCZF group comparisons. Results
from the whole-brain vertex-wise analysis revealed more cortical thinning in frontal and parietal
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regions in the CONM group when compared to SCZM. When comparing SCZF to CONF,
whole-brain vertex-wise analysis results revealed that the CONF group displayed greater cortical
thinning in frontal, temporal, and parietal regions. Additionally, when comparing the SCZM and
SCZF, the SCZF group displayed greater cortical thinning in frontal, temporal, and parietal
regions. Previous studies have demonstrated increased global cortical thinning, specifically in the
frontal cortices in FEP compared to healthy controls overtime (Akudjedu et al., 2020; Guo et al.,
2015; Roiz-Santiáñez et al., 2014); however, this is an inconsistent finding with other studies
demonstrating no such changes (Haukvik et al., 2016). Studies by Nakamura and colleagues
(2007) and Asami and colleagues (2012) found that FEP patients displayed lower frontal gray
matter volumes than healthy controls; however ,results from Andreasen and colleagues (2011)
revealed significant differences only exist at various time points, suggesting that brain
abnormalities may change over the course of the illness (Gallardo-Ruiz et al., 2019). Findings of
an increased rate of cortical thinning in the left lateral orbitofrontal region over a 3-year period
(Akudjedu et al., 2020) is consistent with previous FEP studies (Andreasen et al., 2011; Buchy et
al., 2017). These findings surrounding how brain abnormalities may exist and change over the
course of the illness may provide an understanding as to why no significant findings were
observed in the study, with the possibility of group differences between SCZ and CON being
present late on in the illness.
No significant findings were observed in subcortical shape deformation when comparing
SCZM to CONM, nor in the SCZF and CONF group comparison. Previous literature has shown
that relative to controls, FEP patients display progressively reduced volumes in subcortical
structures, such as the caudate and thalamus (Akudjedu et al., 2020; Andreasen et al., 2011;
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Boonstra et al., 2011; Théberge et al., 2007), with volumetric changes in the thalamus and basal
ganglia being a consistent finding in FEP (Watson et al., 2012). Interestingly, significant shape
abnormalities were observed in both the right caudate and left thalamus in the SCZM/SCZF
group comparisons. These differences were largely inward shape deformation along dorsal
aspects, with some outward deformation being observed inferiorly in the tail of the caudate in the
SCZM group. Previous literature has noted subcortical structure abnormalities in FEP, with
volume loss in the caudate nucleus being a consistent finding (Ellison-Wright et al., 2008;
Scanlon et al., 2014). In a previous study examining patients diagnosed with schizophrenia
compared to their unaffected siblings, Mamah and colleagues (2008) found inward deformation
on the anterior surfaces of the caudate in both hemispheres. In the current study inward
deformation in the left thalamus was observed along multiple surfaces including the pulvinar
nucleus, lateral geniculate nucleus, anterior nuclei, ventral lateral nuclei, lateral dorsal nuclei,
and medial nuclei of the thalamus. Previous literature on early-stage schizophrenia also indicates
that a reduction of thalamic volume may be present early in the course of illness (Crespo-Facorro
et al., 2007), with the use of high-dimensional brain-mapping findings reveal smaller thalamic
volume in schizophrenia patients accompanied by abnormal thalamic shape in anterior and
posterior regions (Coscia et al., 2009; Csernansky, Schindler, et al., 2004). Furthermore, other
studies utilizing shape analysis found that among FEP patients, abnormalities were most
pronounced in the pulvinar region of the thalamus (Coscia et al., 2009). Additional work has
observed that the shape pattern of volume compression suggests involvement of nuclei in
anterior lateral and dorsal aspects as well as the middle body of the thalamus in FEP, with
patients also showing poorer cognitive performance related to spatial working memory and
executive functioning (Qiu et al., 2009).
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Impairments to cognitive functioning, including memory, attention, perception, and sensory
guided actions have been displayed in patients with lesions to higher-order thalamic nuclei (Cho
et al., 2019, 2016). Additionally, lesions to these higher-order thalamic nuclei have shown
disturbances in corticocortical information transmission (Cho et al., 2019). Few studies have
examined sex differences in structural brain abnormalities in schizophrenia, with those that did
finding greater abnormalities in males (Goldstein et al., 2002). Findings from the current study
add to the literature regarding deep-brain integrity, but are rather lacking in cortical regions and
as such FEP patients may not display cortical thinning in the focused regions of the FPN.
The second aim of the study was to evaluate whether structural abnormalities in regions
of the FPN relate to cognitive control performance in FEP and to determine if sex is an
influencing factor. Patients with schizophrenia commonly exhibit low levels of cognitive control
that is often apparent in early childhood (Marek & Dosenbach, 2018). Previous studies in FEP
have found that females outperformed males on verbal learning and memory tasks but, females
performed worse on visuospatial tasks (Ayesa-Arriola et al., 2014). Also, FEP males outperform
FEP females on tests of verbal comprehension (Danaher et al., 2018). Previous research has
shown that male schizophrenia patients display greater structural abnormalities, such as cortical
thinning, than female schizophrenia patients (Harrison, 1999). Additional studies have found
evidence for widespread disturbances of functional connectivity in FEP regardless of task
context and that these disturbances were most pronounced in frontoposterior systems, with a
more specific deficit in frontoparietal functional connectivity with the implementation of
cognitive control (Fornito, Yoon, Zalesky, Bullmore, & Carter, 2011). In the current study the
SCZM group displayed a significant negative correlation between the left superior/middle frontal
gyri and the Fluid Cognition composite, indicating greater
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cortical thickness values in these regions corresponded to worse Fluid Cognition performance. In
contrast, the SCZF group displayed a significant positive correlation between both the left
inferior frontal gyrus and left inferior parietal gyrus with Fluid Cognition, indicating greater
cortical thickness corresponded with better Fluid Cognition performance. A review by Li and
colleagues (2017) noted that schizophrenia is associated with dysconnectivity of frontal regions
that begins at first onset and into chronic stages of the disorder. Other studies have shown that in
addition to frontal areas, those with schizophrenia exhibit reduced activation in parietal cortices
in executive functioning performance (Minzenberg et al., 2009), with additional findings noted
in FEP where patients display widespread abnormalities in functional connectivity between
frontal regions and posterior regions during cognitive control performance, regardless of the
specific task (Fornito et al., 2011) providing evidence for our findings for the relationship
between left inferior frontal and inferior parietal regions and Fluid Cognition in female FEP.
Additional studies of cognitive control in schizophrenia found that schizophrenia participants
had a reduction in cortical thickness in the superior frontal gyrus was related to a decrease in
cognitive control functioning (Tully et al., 2014).
Patients with schizophrenia, irrespective of sex, consistently exhibit poorer cognitive
control that is often apparent in childhood (Marek & Dosenbach, 2018). Previous research in
FEP has shown that a decline in attention, working memory/flexibility, and verbal learning
domains were associated with hyperconnectivity in the FPN and other regions (Rodriguez et al.,
2019). The construct of cognitive control is not executed by a single neural region or network,
but instead is executed by several over-lapping networks including the cingulo-opercular and
salience networks in addition to the FPN (Marek & Dosenbach, 2018). Execution of cognitive
control by these additional overlapping networks may provide an explanation for lack of cortical
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findings in the current study and would need to be further explored. Gray matter loss as a result
of cortical thinning has been linked to clinical and cognitive outcomes in schizophrenia
(Dietsche et al., 2017). Greater structural abnormalities, such as cortical thinning, have largely
been reported in male schizophrenia patients in relation to cognitive functioning (Goldstein et
al., 2002; Guma et al., 2017; Harrison, 1999), which is inconsistent with findings from the
current study as more cortical thickness abnormalities were found in the female FEP group than
the male FEP group in relation to Fluid Cognition performance. Interestingly, regions associated
with poorer performance on the Fluid Cognition subtests were all within the left hemisphere.
Previous research has found that schizophrenia patients exhibit leftward laterality of connectivity
in the FPN (Son et al., 2017), although additional research needs to be conducted to further
explore any potential causes for this laterality.
The most striking finding from the study is the observed subcortical shape differences in
the right caudate and left thalamus in the SCZM group relative to SCZF. Previous work has
shown that when compared to control participants, FEP patients display larger volumes in the
right caudate (Cuesta et al., 2017) and smaller thalamic volumes (Ettinger et al., 2001; Qiu et al.,
2009). A previous study by Scanlon and colleagues (2014) found that the greatest amount of
volume loss was localized to the head of the caudate bilaterally, which then progressed
posteriorly along superior aspects of the caudate. Additional studies found that reductions in
caudate volume were more pronounced in antipsychotic naïve patients compared to medicated
schizophrenia patients, suggesting a normalization effect may be due to antipsychotic medication
(Haijma et al., 2013). A consistent finding in the literature is a reduction in thalamic volume in
schizophrenia populations when compared to healthy controls, with higher-order nuclei showing
prominent connections to the cortex (Cho, 2018; Cho, 2016). Within the thalamus, the
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mediodorsal, anterior, and pulvinar nucleus are the most frequently reported thalamic nuclei with
an altered number of neurons and a reduction of volume in schizophrenia (Cho et al., 2019;
Pakkenberg, 1990). More specifically, in postmortem studies of the thalamus in the right
hemisphere, the mediodorsal and pulvinar nuclei are reported to have a smaller total volume and
a smaller number of neurons (Byne et al., 2002, 2007). Structural abnormalities, largely a
reduction of overall thalamic volume, in the thalamus and cognitive deficits found at the first
episode of illness are said to be independent of the duration of untreated psychosis and untreated
illness (Crespo-Facorro et al., 2007).
The third aim of the study was to determine whether cortical thickness and subcortical
shape deformation measures of all participants could be used to train a machine learning
algorithm, more specifically a SVM model, to classify participants based on diagnostic and sex
status. All SVM models utilized cortical thickness values and subcortical shape deformation
values as these neuroanatomical features are generally associated with cognitive deficits in
schizophrenia (Gould et al., 2014). Cortical thickness has been shown as an appropriate measure
to describe cortical abnormalities, which suggests a reduction of cortical gray matter in psychosis
populations (Peruzzo et al., 2015), providing evidence for the use of cortical thickness measures
in classifying diagnostic groups. When using all features in a SVM model, the testing accuracy
was 75%. When separating out cortical from subcortical features, testing accuracy percentages
were similar (~81%), potentially indicating that subcortical shape features are also appropriate
measures for classification via machine learning. Alternatively, the differences in testing
accuracy percentages may indicate that there are too many features in the model to be able to
accurately classify FEP subjects from CON subjects. Previous studies utilizing classification
machine learning methods in a schizophrenia population using structural MRI data have
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achieved accuracy rates ranging from 68.1% to 85% (Gould et al., 2014; Nunes et al., 2020; Oh
HWDO, 2020; Pinaya et al., 2016; Talpalaru et al., 2019; Vieira et al., 2020; Xiao et al., 2019).
With testing accuracy percentages from the current study falling within this range and making
these results consistent with previous literature. Although the accuracy in the models is high, it
does appear that the models did have some issues in classifying CON participants from SCZ
participants based on the low number of support, or how many samples were in each class for
each model. This could be due to several issues, including underestimation or overestimation of
how many participants were in each group for the testing data. Another possible explanation is
the biological abnormalities of FEP are likely more subtle relative to chronic patients and thus
lack greater discriminatory power (Mikolas et al., 2018). To help improve accuracy, but possibly
risking interpretability, for the models would be to utilize stacking various models. Stacking
models is when multiple models, for example SVM, neural networks, and random forest, are
trained and then combined into one model such as a general liner model to then classify whatever
data is used. Another way to possibly improve accuracy would be to use multiple kernel learning
(MKL). In a standard SVM model, only one kernel is used and therefore only one data
description can be introduced. When several features are available, such as cortical thickness and
subcortical shape deformation, an approach using multiple kernels might be better suited and
provide improved accuracy (Peruzzo et al., 2015).
Many symptoms of basal ganglia-related disorders are phenotypically analogous to what
is observed in schizophrenia patients, suggesting that any dysregulations in the basal ganglia may
contribute to the pathophysiology of schizophrenia (Cuesta et al., 2021; Duan et al., 2015). The
thalamus has been identified as integral to the pathophysiology of schizophrenia due to its central
anatomy and functional connections with the frontal and limbic system that are implicated in
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symptom development (Qiu et al., 2009). Thalamocortical and basal ganglia dysconnectivity
appear present at both early and chronic stage schizophrenia (Cho et al., 2018; Cuesta et al.,
2021; Li et al., 2017; Woodward & Heckers, 2016). Dysfunction to thalamocortical networks
may attribute to both clinical and cognitive symptoms observed in schizophrenia (Zhu et al.,
2019). It is unclear when dysconnectivity emerges in thalamocortical networks and how this
dysconnectivity evolves over the course of illness (Sheffield et al., 2020). Poor performance in
executive functioning has largely been attributed to dysfunction in the thalamus with lesions to
thalamic nuclei being reported to result in neuropsychological and behavioral disturbances
(Crespo-Facorro et al., 2007; Fan et al., 2019). The current study’s findings in the left thalamus
revealed a significant amount of inward deformation along many aspects including the pulvinar
nucleus, anterior nuclei, and ventral nuclei, with the SCZ groups displaying poorer performance
on the Fluid Cognition measures. These findings may add further evidence of the presence of
thalamic dysfunction even at early stages of the illness. Additionally, the basal ganglia are a
critical hub for cortico-subcortical neuronal loops that are implicated in motor, cognitive control,
motivational processing, and emotional processing (Cuesta et al., 2021). Deficits in executive
functioning in FEP were observed and compression of thalamic shape was associated with poor
performance in executive functioning, providing evidence that the thalamus plays an important
role in process integration (Qiu et al., 2009). Shape abnormalities along the dorsal aspects on the
head of the right caudate in the SCZM group in the current study could be explained by
enlargement of the third ventricle, which is a common finding in male schizophrenia patients
(Mendrek & Mancini-Marïe, 2016). Most available literature is directed towards examining FEP
without consideration for sexual dimorphisms that may exist in the integrity of deep-brain
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structures. This is a critical gap area that could benefit from further exploration as sex differences
in neural structures can impact treatment decisions.
The study has several limitations to consider, one primary limitation is the study’s
measure of cognitive control was based on the NIH Toolbox, which is not commonly used for
this domain. Additional measures, including lab-based ones, could better represent the construct.
Secondly, the functional atlas used only included one subcortical structure from each hemisphere
instead of examining the structure in both the left and right hemisphere. Future studies would
benefit from examining subcortical shape deformation differences in both hemispheres and how
these differ between the sexes. It is also likely meaningful cortical findings in FEP may lie in
regions outside of structures included in the functional atlas. In the FPN specifically, there are
many additional regions outlined by researchers included in the network, but not all were used in
the analyses. Thirdly, the timing in the course of illness may have an impact on the lack of
findings when comparing SCZ groups to CON groups as previous literature has shown that brain
abnormalities in this population may emerge over time. Lastly, the sample size for the testing
data in the SVM models was small and could contribute to the higher classification accuracy
displayed in each model or potentially misclassifying subjects due to the small amount of
subjects in each model.
The current study was unable to identify meaningful differences between FEP and
controls but was able to highlight sex differences in subcortical structures in the FEP group.
These findings are impactful as very few studies have examined subcortical differences based on
sex in an FEP population. Studying patients at their first episode provides a unique opportunity
to investigate this population without the potential confounding effects of treatment and
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medication. Results from the current study provide evidence for the importance of examining sex
differences in an FEP population that should be expanded in future studies.
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